Seven opal-CT-rich and five quartz-rich porcellanites and cherts from Site 504 have a range in oxygen-isotope values of 24.4 and 29.4% 0 . In opal-CT rocks, δ 18 θ becomes larger with sub-bottom depth and with age. Quartz-rich rocks do not show these trends. Boron, in general, increases with decreasing δ 18 θ for porcellanites and cherts considered together, supporting the conclusion that boron is incorporated within the quartz crystal structure during precipitation of the SiO 2 . Silicification of the chalks at Site 504 began 1 m.y. ago-that is, 5 m.y. after sedimentation commenced on the oceanic crust. Temperatures of chert formation determined from oxygen-isotope compositions reflect diagenetic temperatures rather than bottom-water temperatures, and are comparable to temperatures of formation determined by down-hole measurements. Opal-A in the chalks began conversion to opal-CT when a temperature of 50°C was reached in the sediment column. Conversion of opal-CT to quartz started at 55 °C. Silicification occurred over a stratigraphic thickness of about 10 meters when the temperature at the top of the 10 meters reached about 50°C. It took about 250,000 years to complete the silica transformation within each 10-meter interval of sediment at Site 504. Quartz formed over a stratigraphic range of at least 30 meters, at temperatures of about 54 to 60°C. The time and temperatures of silicification of Site 504 rocks are more like those at continental margins than those in deep-sea, open-ocean deposits.
INTRODUCTION
We determined the oxygen-isotope composition of 12 siliceous rocks cored at Site 504 during Leg 69 of the Deep Sea Drilling Project (Fig. 1) . Analyzed rocks include seven opal-CT-rich and five quartz-rich porcellanites and cherts from Holes 504, 504A, and 504B (Table 1) . The holes are placed in a nearly east-west line; Hole 504A is 67.3 meters west of Hole 504, and Hole 504B is about 220 meters east of Hole 504. We discuss the isotopic compositions in relation to temperatures of formation, chemical and mineralogic compositions, and silica-water fractionation factors. Temperatures of formation are determined by using both Knauth and Epstein's (1976) empirically derived and Clayton et al.'s (1972) experimentally derived SiO 2 -water fractionation factors, and are compared with temperatures derived from down-hole measurements (Becker et al., this volume) . The rocks analyzed here are a subset of the 21 siliceous rocks described by Hein et al. (this volume) , who present detailed petrographic, mineralogic, and chemical data.
Sediment at Site 504 is made up of 264 to 274.5 meters of siliceous nannofossil ooze, chalk, and limestone that rest on basaltic basement that is 6.2 m.y. old, as determined from magnetic anomalies (Fig. 2) . Samples analyzed for their oxygen-isotope compositions occur in upper Miocene chalk and limestone at sub-bottom depths of 227 to 262 meters (Table 2) . Silicified rocks span a range in age of only about 1 m.y., that is, they occur in sediments deposited 5.2 to 6.2 m.y. ago.
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The porcellanites and cherts are cemented and replaced carbonates and commonly contain some included calcite. Chert and limestone occur only below 225 meters. Siliceous rocks make up less than 15% of the lowermost 40 meters of recovered section.
METHODS
The fluorination method of Taylor and Epstein (1962) (Craig, 1961) . Two extractions and two 18 O/ 16 O determinations were made on some samples to check analytical precision.
Siliceous rocks were pretreated before isotopic analysis: (1) Carbonate minerals were removed with dilute HC1 (10% by volume); the treatment was carried out at room temperature and has no effect on the δ 18 O SMOW of the chert (Yeh and Epstein, in prep.) . (2) The absorbed and other loosely bound waters were removed from the chert prior to fluorination by heating the samples at about 250 °C under high vacuum. After dehydration, samples were loaded into Ni reaction vessels under zero-humidity atmosphere.
Coexisting opal-CT and quartz were not separated before isotopic analysis. Values of δ 18 θ for these samples (Table 1) are probably higher than they would be if the quartz were isolated and analyzed separately, if Knauth and Epstein's (1975) and Pisciotto's (1978) observations are applicable to our samples. Major, minor, and trace elements of the cherts analyzed for their oxygen-isotope compositions are presented by Hein et al. (this volume) .
RESULTS

δ
18 θ values range from 24.4 to 29.4‰ for all analyzed rocks; δ 18 θ values average 24.6‰ (S.D. = 0.25) for the two pure quartz rocks, 25.6% (S.D. = 0.72) for the three quartz-rich rocks, and 27.4% (S.D. = 1.17) for the opal-CT-rich rocks (Table 1) . These values fall near and below the lower end of the range of values (27.1- 41.8% 0 ) reported for other marine cherts and porcellanites (Knauth and Epstein, 1975; Levitan et al., 1975; Kolodny and Epstein, 1976; Kastner, 1976; Hein and Yeh, 1981) . Our δ 18 θ values, however, are comparable to those obtained from siliceous rocks from the Miocene Monterey Formation of California (Murata et al., 1977; Pisciotto, 1978) . Opal-CT rocks show a poorly defined trend of larger δ 18 θ values with sub-bottom depth; quartz rocks show no pattern (Fig. 3B) . Similarly, δ 18 θ may increase with increasing age of the enclosing sediment for opal-CT, but not for quartz-rich rocks (Fig. 3C ). δ 18 θ shows a marked increase from about 5.3 to 5.9 m.y. ago, and then a sharp decrease to 6.0 m.y. ago. Additional analyses may significantly change this pattern. Also, the timing of this trend is only apparent because the ages of the cherts are not the same as the ages of the enclosing sediments; the youngest cherts probably are forming now, whereas the oldest may have formed a million years ago (see discussion section). Because chert probably did not form until 5 m.y. after deposition of the host sediment, the time scale of formation should be translated 5 m.y. toward the present to place the δ 18 θ changes into a more meaningful temporal frame. On the average, δ 18 θ values increase slightly from pure quartz to quartz-rich to opal-CT rocks, but no consistent trend is seen between δ 18 θ values and quartz/ opal-CT × 8 ratios, or with opal-CT crystallite sizes. With the exception of one sample, opal-CT cf-spacings may show a poorly defined tendency to decrease with decreasing δ 18 θ values (Fig. 3A) . If the apparently anomalous value is real, however, no trend would exist. Certainly, if the d(101) spacings for opal-CT in rocks also rich in quartz are omitted, then no trend would exist. Murata et al. (1977) found that δ 18 θ values remained constant as c?(101) spacings in porcellanites decreased with depth in the Monterey Formation (see also Pisciotto, 1978) .
Although there are only a few measurements, quartz crystallinity may increase with decreasing δ 18 θ values (Fig. 4) . Quartz crystallinity was measured according to the technique of Murata and Norman (1976) , and is based on a scale of 10, plutonic quartz (high crystallinity) defining the high end, and diagenetic quartz (poor crystallinity) defining the low end. A decrease in δ 18 θ with increasing crystallinity of quartz was noted in earlier studies (Pisciotto, 1978; Hein and Yeh, 1981 ). Quartz cherts and porcellanites are chemically pure, averaging 98.1 and 97.5% SiO 2 + volatiles, respectively (Hein et al., this volume) . Comparisons between the chemistry (Hein et al., this volume) and the δ 18 θ values of silicified rocks reveal only one well-defined trend. Boron, in general, increases with decreasing δ 18 θ for porcellanites and cherts considered together. This trend supports the conclusion that boron is incorporated within the quartz crystal structure during precipitation of the SiO 2 Hein et al., this volume) . This same boron-δ 18 θ relation was noted for Leg 62 cherts (Hein and Yeh, 1981) .
DISCUSSION
Temperature of Formation
Possible temperatures of formation of secondary silica recovered at Site 504 were determined from the equations of Knauth and Epstein (1976) and Clayton et al. (1972) , assuming first 0.0% and second -4.2% for the waters of formation (Table 2 ; Fig. 5 ). The -4.2% value is the measured δ 18 θ from pore water recovered near the base of the sediment section at Site 504 (Mottl, Lawrence, et al., this volume). The four sets of temperatures derived from these calculations span a wide range, 18 to 75 °C (Table 2 ; Fig. 5 ). Knauth and Epstein's fractionation factor yields lower temperatures of formation for each assumed pore-water composition. The temperatures at the sub-bottom depth where cherts occur now, and where they were 1 m.y. ago, are always greater than temperatures determined from Knauth and Epstein's equation, assuming -4.2% 0 for the water, but they span the other three temperature curves derived from the isotopic data. The actual δ 18 θ of the water(s) from which cherts formed is most likely between 0 and -4.2% 0 . The The temperature in the sediment column where the youngest secondary silica occurs is 50 °C (not shown on Table 2 ), a temperature identical to that experienced by the oldest (most deeply buried) chert 1 m.y. ago when silicification began. Only the second temperature from T 5 (Table 2 ) and the last six temperatures from T 6 ( Table  2 ) represent temperatures of transformation of opal-A to opal-CT. The temperature of transformation for the other rocks, also 50°C, falls between the higher values of T 5 and the lower values of T 6 ; the 50°C temperature approaches T 5 for younger cherts, and T 6 for older ones. In other words, 1 m.y. ago (T 6 ) the lowest samples reached 50°C, the temperature for opal-A -~ opal-CT. Shallower samples (strata) were still too cool for the polymorph transformation. Today (T 5 ), the lowest strata are hot enough for opal-CT -quartz, while the shallowest samples (225 m) are just reaching a temperature appropriate for opal-A -opal-CT. This suggests that silicification occurs in intervals, probably of several meters, where opal-A is transformed to opal-CT at 50°C.
We can estimate the interval of silicification as 10 meters. Ten meters is the stratigraphic thickness from the first minor occurrence of secondary silica, where the surrounding chalk contains much opal-A (225 m), to the first occurrence of abundant secondary silica, where the surrounding chalk has lost all opal-A to the chert (235 m). It follows then that silicification moved gradually upward in the lowermost 40 meters of section in the time interval of 1 m.y., that is, from the present back in time to 1 m.y. ago when silicification started, silicification within each 10-meter interval becoming complete in about 250,000 years. Silicification is currently occurring between 30 and 40 meters above basalts, and presumably all the opal-A within this interval will be transformed into opal-CT within the next 250,000 years. The sharp boundary between the silicified sedimentary rocks and opal-A-containing chalk at Site 504 and the absence of appreciable corrosion of diatoms in chalk require that the temperature of transformation of opal-A to opal-CT was narrow and consistent, or that silicification occurred over certain stratigraphic intervals instantaneously, or both. The stratigraphic intervals should be defined by rates of sedimentation and heat flow. We believe that both of these processes operated during silicification of Leg 69 rocks; the temperature of transformation was 50 ± 2°C, and the interval of silicification was about 10 ± 3 meters, allowing for poor core recovery.
The initial temperature of transformation of opal-CT to quartz is also tightly constrained at about 55 ± 2°C for Leg 69 rocks. Quartz is common at temperatures greater than 57 or 58 °C. The transformation of opal-CT to quartz probably occurs over relatively thick stratigraphic intervals and for long periods of time. Quartz no doubt is forming over a stratigraphic range of at least 30 meters, at temperatures of about 54 to 60°C.
The initiation of silicification at 50 °C probably depended on porosity, type and abundance of siliceous microfossils in the host chalk, pore-water chemistry, and geothermal gradient. The initiation of quartz formation probably depended on the degree of ordering of the opal-CT, pore-water chemistry, and geothermal gradient. Uncertainty in pore-water δ 18 θ is probably the main cause of the lack of correspondence between actual and isotopically derived temperatures of silicification. In addition, it is likely that neither Clayton et al/s (1972) nor Knauth and Epstein's (1975) temperature scales describe the precise relation between δ 18 θ and formation temperatures of chert. A further complication when considering δ 18 θ and temperatures of formation of cherts is that older (for example, Cretaceous), bedded quartz cherts may record the general or smoothed temperature of their diagenetic environment-the environment of quartz recrystallization, rather than the environment of initial silicification. Thus, temperature curves may record only environments that existed during advanced silicification (see also Lawrence et al., 1979) .
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Paleoclimates versus Diagenetic Environments
Debate has been vigorous as to whether δ 18 θ values of marine cherts primarily reflect paleoclimates (bottom-water temperatures), or diagenetic environments (Degens and Epstein, 1962; Kolodny and Epstein, 1976; Knauth and Epstein, 1975) . Leg 69 isotopic data show that for rocks in the early stages of silicification in areas of high heat flow paleoclimates are not reflected by the isotopic compositions of cherts. The bottom-water temperature above Site 504 is about 2 to 3°C. Knauth and Epstein (1975) suggested that opal-CT-rich rocks may reflect bottom-water temperatures more than quartz cherts do. Although Leg 69 opal-CT-rich rocks do produce lower temperature values than quartz rocks, the temperatures definitely do not record paleoclimates or bottom-or surface-water temperatures (see Keigwin and Lawrence, this volume) . For Cretaceous rocks recovered during Leg 62, an opal-CT-derived temperature did plot closer to Douglas and Savin's (1973) bottom-water temperature curve than did other samples of the same age (Hein and Yeh, 1981) .
In view of the uncertainty in the precise δ 18 θ of the water of formation, and the imperfections in the temperature scales used, the isotopically derived temperature of formation of chert is consistent with the temperature of formation (the sub-bottom temperature) measured in the sediment column. Thus, the isotopic composition of the cherts reflects the diagenetic temperatures of formation, rather than paleoclimates.
Several aspects set Leg 69 silicified rocks apart from those analyzed in previous studies, and may help us to understand what diagenetic stage the isotopic compositions actually reflect. Leg 69 rocks are younger, formed under the influence of higher heat flow, and are not as diagenetically advanced as cherts analyzed previously. Chert analyzed in previous studies recorded the last, most-advanced diagenetic stage-where quartz chert recrystallized, or where opal-CT was more ordered. Evidence suggests that oxygen isotopes re-equilibrated during quartz recrystallization in deep-sea cherts (Hein and Yeh, 1981) . Hein et al. (1978) suggested that opal-A transforms into opal-CT faster and at higher temperatures in con- Table 2 . Determination of temperature and depth of formation of DSDP Leg 69 siliceous rocks. Sample 504-53-1, 10 cm 504A-l,CC(I) 504A-2.CC 504A-3-1 504A-3-1 504A-4-1 5O4A-5-1 504A-5-1 504A-5-1 504A-5-1 504B-1-1 504B-1-1 Calculated from Clayton et al. (1972) , assuming 0.0% for water. J: Calculated from Clayton et al. (1972) , assuming -4.2% 0 for water (Mottl, Lawrence, et al., this volume). d Calculated from Knauth and Epstein (1975) , assuming 0.0% for water. ® Calculated from Knauth and Epstein (1975) , assuming -4.2‰ for water.
Comparison with Continental-Margin Siliceous Rocks
In situ measurements at depth where rocks were collected. 8 Temperatures the rocks were subjected to 1 m.y. ago. tinental-margin deposits than in deep-sea, open-ocean deposits. Continental-margin deposits are characterized by high rates of sedimentation, and temperature is a dominant control in the transformation of silica, whereas in the open-ocean environment, where rates of sedimentation are generally very low, time plays an increasingly important role relative to temperature (see fig. 5 of Hein et al., this volume; Pisciotto, 1978) . In both environments, the chemistry of the host sediments and pore waters also influences silica transformations (Kastner et al., 1977; Knauth, 1979) . The transformation of opal-CT to quartz and the maturation of quartz in openocean cherts likewise may occur slower and at lower temperatures than the same transformation in continental-margin deposits. This relationship can be illustrated by comparing δ 18 θ values and quartz-crystallinity values of Leg 62 cherts (open-ocean deposits) with those of siliceous rocks in the Monterey Formation of California ( Fig. 4 ; Pisciotto, 1978) ; the curve for the Monterey Formation falls below (lighter δ 18 θ, greater temperatures) that of Leg 62 cherts, suggesting higher temperatures of formation (Fig. 4) Table 2 ); T x and T 2 represent temperatures derived from Clayton et al.'s (1972) silica-water fractionation factor, assuming 0.0 and -4.2% 0 for waters of reaction, respectively. T 3 and T 4 are temperatures derived from the equation of Knauth and Epstein (1976) , assuming the same two values for water. The interval between T 5 and T 6 spans the upper and lower limits of the possible temperatures of formation of each sample, as determined by downhole temperature measurements (see text). Two samples with the same δ 18 θ and different temperatures of formation cause the overlap in the patterned area. Triangles represent quartz-rich rocks, the other symbols opal-CT-rich rocks.
formation. In this way Leg 69 rocks are more similar to continental-margin deposits than open-ocean ones (compare Fig. 5 with fig. 5 of Hein et al., this volume) .
SUMMARY AND CONCLUSIONS δ
18 θ values for Leg 69 opal-CT and quartz rocks range from 24.4 to 29.4% 0 , values comparable to those of continental-margin rocks of the Monterey Formation of California. Poorly defined trends show decreasing δ 18 θ with increasing opal-CT d-spacings, and increasing δ 18 θ with increasing depth and age of enclosing sediment. An additional trend shows increasing boron content of cherts with decreasing δ 18 θ. This boron-δ 18 θ relation reflects the substitution of boron into secondary quartz as it precipitates from solution.
Temperatures of chert formation, as determined from the oxygen-isotope compositions, reflect diagenetic temperatures rather than bottom-water temperatures, and are comparable to temperatures of formation determined by down-hole measurements. The lack of exact correspondence between isotopically determined and actual temperatures of formation results from (1) lack of a silica-water fractionation factor applicable to low-temperature opal-CT-quartz rocks, and (2) not knowing the precise δ 18 θ of waters of formation. The transformation of opal-A to opal-CT occurred at 50±2°C, and that of opal-CT to quartz at 55 ±2°C. Silicification probably occurred over about 10-meter stratigraphic intervals. That is, once a temperature of 50°C was reached at any level above the basalts, the opal-A in the overlying 10-meter stratigraphic interval took about 250,000 years to convert to opal-CT as the 50° isotherm rose to the top of the interval. The next 10-meter interval was silicified in the following 250,000 years. The current 10-meter interval of silicification is between 225 and 235 meters sub-bottom, that is, 30 to 40 meters above basalts. On the other hand, quartz formed over wide stratigraphic intervals for relatively long periods of time.
The time and temperatures of silicification of Leg 69 rocks are more like those of continental margins than those of deep-sea, open-ocean deposits.
